Amyloid positron emission tomography (PET), fluorodeoxyglucose (FDG) PET, and magnetic resonance imaging (MRI) are three modalities in the imaging of Alzheimer's disease (AD). This article reviews the experience and data obtained from AD research using these techniques to understand the natural history of AD and to enhance therapeutic trials. It is now realised that their use can improve early detection of AD, and has opened a new corridor which may lead toward successful treatment.
Introduction
Prior to the last decade, Alzheimer's disease (AD) neuropathology was only visible and measurable in vitro using brain tissue from autopsy or, less commonly, from brain biopsy. Developing biomarkers that distinguish AD from non-AD dementia was and still is a major need [1] .
Positron emission tomography (PET) tracers that bind directly to proteinopathies in vivo enable their detection even when accumulation is in the early phase. It became possible in the last decade to reliably detect Aβ amyloid plaques in vivo with PET, long before dementia due to AD develops, and with high correlation to histopathological measures of amyloid. This now provides a long window of opportunity to potentially intervene and alter the progression of AD before major neuronal damage has occurred. With the surge in dementia research using amyloid PET, FDG PET and magnetic resonance imaging (MRI) over the last decade, there is now sufficient experience in the imaging of AD with these three modalities, in both its natural history and therapeutic trials, to have confidence that their use opens a new corridor which may lead toward successful treatment [2, 3] .
Neuroimaging is able to measure several events in the amyloid cascade. For example, increased Aβ 42 production and/or decreased elimination results in the deposition of accumulated soluble Aβ 42 oligomers as fibrillar plaques, which can be detected by β-amyloid PET imaging. Aβ 42 oligomers exert subtle effects on synapses resulting in progressive synaptic and neuritic injury, altered neuronal ionic homeostasis and oxidative injury, altered kinase and phosphatase activities and tau tangle formation, of which the latter can be detected by tau PET. This results in widespread neuronal dysfunction which is detected by hypometabolism on FDG PET, and cell death which can be detected by atrophy on MRI.
The escalating number of studies involving Aβ imaging, and the relatively fewer studies on neurofibrillary tangle (NFT) imaging due to its later tracer development, raises the concern that Aβ is overemphasized as the key driver of cognitive decline in AD. However, the stronger proximal association between tauopathy and neurodegeneration in contrast to the long time lag between Aβ positivity and neurodegeneration [4] , might render tau PET to be not as promising as Aβ PET in improving clinical detection in the pre-dementia stages.
Cerebral Aβ Amyloid Imaging with Positron Emission Tomography

Introduction
The team at the university of Pittsburgh was the first to develop a tracer used in amyloid imaging. Pittsburgh University Professors William Klunk, a psychogeriatrician, and Chester Mathis, a radiochemist, were originally looking for a faster way to find amyloid fighting drugs, so they devised a tracer that could image amyloid. After a journey of more than 10 years, they published their initial paper in 2004 on their ground breaking 11 C-Pittsburgh compound B ( 11 C-PiB) tracer [5] .
The concept of amyloid imaging is straightforward. Dyes that bind to plaques in post mortem brain tissue were modulated to be able to cross the blood brain barrier, and tagged with a positron emitting radioactive molecule. The radioactive tracer is injected intravenously at a micromolar concentration and the patient is placed in a PET scanner. Using coincidence detection of the paired gamma rays emitted by positron annihilation, the PET scanner creates a three dimensional image of brain radioactivity that reflects where and how much tracer has stuck to amyloid plaque.
Amyloid detected on 11 C-PiB PET scan is associated with fibrillar amyloid pathology. 11 C-PiB does not pick up cortical Lewy bodies [5] . Increased amyloid 11 C-PiB PET tracer uptake may also occur in a few non-AD clinical syndromes where beta-amyloid aggregates are present like dementia with Lewy bodies [6] , and cerebral amyloid angiopathy [7] . Familial AD usually have very high uptake in the basal ganglia area compared to the distribution seen in sporadic AD [8] .
The United States Federal Drug Agency has approved three 18 F-labelled β-amyloid PET tracers for clinical use to rule out AD in suspected AD cases. Florbetapir was approved in 2012. Flutemetamol was approved in 2013. Florbetaben was approved in 2014. A negative scan using these traces indicates sparse to no neuritic plaques and makes the diagnosis of AD unlikely. A positive scan indicates moderate to frequent amyloid neuritic plaques and while supporting a diagnosis of AD, it does not necessarily mean that the presenting symptoms are due to AD. It is possible that the patient could still be in the long period of asymptomatic amyloid accumulation and current symptoms are due to another disorder. Figure 1 .
Figure 1 [9] Sagittal and axial 18 F-Florbetaben PET images of two mild cognitive impairment research participants (figure taken from Ong, 2013). Both were 73 years old and had the same Mini-Mental State Examination score of 27 out of 30. The PET images on the left show non-specific retention in white matter. The PET images on the right show high cortical tracer retention in the typical pattern seen in Alzheimer's disease. The participant with PET images on the right progressed to Alzheimer's disease within two years while the participant with PET images on the left did not.
Comparison Studies
Amyloid imaging has been shown in clinical Phase III studies to correlate well with Aβ neuropathology. Published reports from these Phase III studies comparing binary visual readings of images taken during life to autopsy findings in those that died less than 2 years later, for confirming significant plaque load (i.e. CERAD criteria of moderate or frequent neuritic plaques), showed florbetapir (n=59) had a 97% sensitivity and a 100% specificity [10, 11] , flutemetamol (n=68) had a 88% sensitivity and 88% specificity [12] , and florbetaben (n=74) had a 98% sensitivity and a 89% specificity [13] . Altogether there is over 90% sensitivity and specificity on average for the F-18 labelled amyloid tracers in subjects who had histopathology (n=201).
In order to compare studies using different amyloid imaging tracers, head-to-head comparisons of different tracers in the same subjects should be carried out. To date, there have only been head-to-head comparisons published of florbetaben and of a non-FDA approved 18 F labelled tracer, NAV4694 with 11 C-PiB [14] [15] [16] [17] . Attempts have been made to use available data to make meaningful comparisons [18] . Differences in the non-specific white matter uptake and the tracer affinity for cortical plaques between the tracers are apparent but the influence of this on detection and monitoring of beta-amyloid plaques remains unclear without head-to-head studies.
Practical Applications and Caveats
Amyloid PET use has been shown to impact clinical decision making. In one study of 229 individuals with cognitive decline and uncertain diagnosis, physicians made changes in diagnoses in 56% after their PET scan [19] . Diagnostic confidence increased by an average of 21.6%. 86.9% of cases had at least one change in their management plan. Acetylcholinesterase Inhibitor or Memantine use increased by 17.7% among amyloid positive cases, and decreased by 23.3% among those with negative scans. Planned structural brain imaging decreased by 24.4%, and planned neuropsychological testing decreased by 32.6%. However the diagnostic yield and prognostic utility of amyloid PET decreases with age due to increasing prevalence of amyloid positivity and competing co-morbidities with advancing age [20, 21] .
Methods used in assessing an amyloid PET scan are varied [7] . Approaches include automated reading, qualitative visual reading based on five cortical regions and ventral striatum, semiquantitative regional standardised uptake value ratio (SUVR) analysis, semi-quantitative global SUVR analyses, and Logan distribution volume ratio (DVR). Different approaches may result in different results in those scans which have an intermediate level of tracer uptake. Time activity curve studies show that the tracers have nearly identical uptake and fast clearance from the cerebellar cortex in both healthy controls and mild or moderate dementia severity AD patients, consistent with the absence of neuritic Aβ plaques in this region before late AD. While use of Logan DVR gives better precision of signal strength and lower noise than SUVR, DVR is far more time consuming to obtain as it requires a continuous scan of at least 60 minutes [22] . Notwithstanding, SUVR measured from a twenty minute scan commenced 90 minutes post injection of tracer for florbetaben has excellent correlation with DVR, and is precise enough for research use [23] .
Aβ burden is a continuous process, and should not be thought of as dichotomous. Nonetheless, studies often divide subjects into those with high and low Aβ burden for comparisons. In order to better standardise and compare results in prospective trials, it is useful to have an established reference value to serve as a "cutoff". The practical difficulties with "cutoffs" mainly revolved around those subjects whose scan results are very close to the "cutoff" value, and so end up with a somewhat ambiguous result. Should such an event occur, then individual regions of interest should be reviewed to see if any AD vulnerable regions (frontal, temporal, parietal, posterior cingulate-precuneus) have high uptake. If so, then the scan should be considered positive.
Several amyloid imaging studies have shown test/re-test reproducibility of up to 95%. A six percent or more change in SUVR in the same individual on serial florbetaben scans could be considered genuine if considered as a single case alone [23] .
One study compared amyloid imaging results in 32 individuals from the Alzheimer's disease neuroimaging initiative cohort with both florbetapir and 11 C-PiB scans acquired on a variety of scanner types, and processed using a variety of methods [15] . They found that the scale of cortical retention ratios was not affected by image preprocessing or analysis methods, but they were affected predominantly by the type of radioligand and the reference region used for scanning. Both ligands had excellent agreement in categorizing the patients as either amyloid positive or amyloid negative. In longitudinal amyloid imaging, not correcting for effects of brain atrophy with aging or disease progression will lower measures such as SUVR and DVR due to partial volume effect, a consequence of the resolution limitations of PET imaging. MRI measurement of cortical volume can be used to correct partial volume effect though this may introduce some "noise" into the amyloid measurement. Some patients with AD do accumulate cerebellar Aβ plaques in late AD, and this may result in a further underestimation of cortical plaque load using cortex to cerebellar ratio measures such as SUVR and DVR. Theoretically it is possible that suitable surfaces for oligomers to incorporate into existing plaques might be exhausted in late AD. Cerebral spinal fluid (CSF) Aβ have been shown to increase over time in AD with low levels [24] , possibly signalling that it is not assimilating into Aβ plaques. These features may explain why Aβ accumulation appears to slow or even decrease on serial amyloid PET scans in the later stages of AD.
Guidelines for Clinical Use
To provide guidance to dementia care practitioners, patients, and caregivers, the Alzheimer's Association and the Society of Nuclear Medicine and Molecular Imaging convened the Amyloid Imaging Taskforce (AIT) [7] . The AIT considered a broad range of specific clinical scenarios in which amyloid PET could potentially be used appropriately.
The AIT felt that amyloid imaging is appropriate if after completing a full cognitive work-up and evaluation by a dementia expert, (1) there is a cognitive complaint with objectively confirmed impairment, and (2) AD is a possible diagnosis but the diagnosis is uncertain, and (3) when knowledge of the presence or absence of Aβ pathology is expected to increase diagnostic certainty and alter management, and (4) if ordered by dementia experts involved in dementia care provision due to complexities in the field. Hence amyloid imaging is appropriate in approved settings, when patients present with persistent or progressive unexplained mild cognitive impairment (MCI), when patients satisfy core clinical criteria for only possible and not probable AD because of unclear clinical presentation due to either an atypical clinical course or an etiologically mixed presentation, and when patients present with progressive dementia and atypically early age of onset, usually defined as 65 years or less in age. A simple and efficient way of considering whether an amyloid scan is appropriate is to apply Bayesian logic, by considering whether the post test probability of AD could be significantly changed by the scan result, in the context of the patient's situation, and whether this will change management or help the treating clinician to be more confident in treatment choices.
Amyloid imaging is considered inappropriate by the AIT in the following situations: 1. Patients with core clinical criteria for probable AD with typical age of onset. 2. To determine dementia severity. 3. Based solely on a positive family history of dementia or presence of Apolipoprotein E ε4.
4. Patients with a cognitive complaint that is unconfirmed on clinical examination. 5. In lieu of genotyping for suspected autosomal dominant mutation carriers. 6. In asymptomatic individuals. 7. Non-medical use (e.g., legal, insurance coverage, or employment screening). Amyloid imaging is now available for clinical use, and indications and guidelines have been defined. Should successful disease modification become a widely available reality, PET amyloid imaging is likely to move very rapidly into routine clinical practice. At present, the high cost of amyloid PET imaging, the lack of reimbursement by governments and insurance companies, and the limited scope for altering disease outcome due to the absence of disease modifying therapy, see amyloid PET rarely used in clinical practice.
The clinical benefits of better detection of AD pathology and earlier, more accurate diagnosis are limited in the absence of disease modifying therapy. However, in addition to providing diagnostic clarity that may reduce carer and patient stress and allow better lifestyle decisions and appropriate preparation for the future, amyloid PET may guide the appropriate use of medications such as the Acetylcholinesterase Inhibitors that can significantly exacerbate symptoms if given to patients with frontotemporal dementia (FTD) [25] .
Structural Brain Imaging with Magnetic Resonance Imaging
Introduction
Structural imaging began with computed tomography (CT) but has been surpassed by MRI due to the better tissue contrast of the latter allowing more accurate assessment of grey matter volume and more sensitive detection of vascular and other pathological changes. MRI is used routinely in dementia studies for subject recruitment to exclude confounding medical conditions, for determining whether there is an effect of treatment on disease progression, and to detect vasogenic oedema in immune-based treatments as a safety end point. Screening for reduced hippocampal volume with MRI enables a more homogeneous cohort of rapidly declining subjects, reducing variability in longitudinal outcome measures.
MRI is sensitive for detection of vascular disease that may contribute to cognitive impairment. The primary issue with volumetric MRI as a diagnostic measure for AD or outcome measure in clinical trials is that change in volume is non-specific. Volume loss in neurodegeneration can be related to NFT or other processes. It is unclear whether or how much the increased rate of cortical atrophy and ventricular enlargement seen in longitudinal studies of AD and clinical trials reflects increased neurodegeneration, amyloid removal, reduction in amyloid associated inflammation, or changes in CSF absorption. Although hippocampal volume correlates with neuron counts [26, 27] . and Braak stage in AD [28] , hippocampal atrophy can be associated with different types of neuropathology like cerebrovascular disease, FTD, and hippocampal sclerosis, and so is not specific for AD [28, 29] .
Despite the limitations of MRI biomarkers, structural imaging with MRI is still necessary to rule out specific causes of cognitive decline, like stroke, tumour, or hydrocephalus. While cerebral atrophy detected on MRI is non-specific, it is more closely related to cognition than amyloid PET, since the neurodegeneration curve is closer to cognitive decline compared to amyloid load. Therefore MRI is better for evaluating disease progression, not predicting it. Also by broadly indicating the regions of atrophy and degree of atrophy in individual regions, a clinical MRI can offer some sense of what the pathophysiology of the cognitive impairment is. So in non-early cases with a typical history for AD, simpler measures like MRI alone may be sufficient to aid in diagnosing AD by confirming an AD pattern of atrophy and excluding other structural causes which are infrequent.
Leveraging Routine Magnetic Resonance Imaging in the Clinical Assessment of Dementia
It is possible to leverage structural MRI performed in the routine clinical assessment of patients by qualitatively looking for pathognomic atrophy patterns for AD, in particular the combination of relatively more pronounced atrophy in the posterior cingulate-precuneus region and bilateral atrophy in the hippocampus. The posterior cingulate-precuneus is the first area to be affected by amyloid deposition [30] , and the hippocampus is the first area to be affected by neurofibrillary tangles in AD. The acceleration of atrophy before the first clinical sign is especially marked in these two regions [31] . Hence this atrophy combination pattern is closely associated with poor memory due to AD. Note that the hippocampal atrophy should extend to the temporal neocortex, and is not predominant to either side, to be more specific for AD. Otherwise alternate pathology has to be considered. Finally, frontal variant AD tends not to have predominantly frontal atrophy unlike behavioural variant FTD [32] . On top of the pathognomic AD atrophy pattern, the presence of three or more microhaemorrhages in the posterior lobar deep grey (rather than infratentorial) regions may indicate amyloid angiopathy, a finding that is common in patients with AD [33] . Cerebral microhaemorrhages are seen as small, dark areas, on gradient echo or susceptibility weighted imaging MRI, which can be routinely and quickly obtained. They can at times also be seen on CT. An elderly person with amnestic concerns who has more than three microhaemorrhages in the posterior cortices without significant infarct, lacunes, microhaemorrhages in other regions or white matter disease is likely to have cerebral amyloid angiopathy due to AD pathology [34] [35] [36] . Microhaemorrhages in vascular disease tend to be seen in the deep or infratentorial location like the basal ganglia where arteries are more affected by hypertension. While amyloid angiopathy occurs with age, in the setting of cognitive impairment, microhaemorrhages tend to be associated with amyloid pathology particularly in Apolipoprotein E ε4 carriers, men more than women and hypertension. 
Medial Temporal Atrophy
The most studied structure in AD with MRI is the hippocampus [37] [38] [39] [40] [41] [42] . Hippocampal atrophy has over 70% accuracy in classifying AD patients from control groups, and MCI who would convert to AD within 12-18 months compared to normal [37, 38] . Following initial descriptions of hippocampal atrophy using MRI [43, 44] , a further series of studies showed that rate of atrophy increased by clinical groups from normal control to MCI to AD, consistent with an exponential decrease in neuronal and synaptic loss that parallels cognitive decline. The annual rate of hippocampal atrophy in MCI is approximately 3.5%, and in MCI who convert to AD, the rate increases by approximately 0.22% [45] . Hippocampal atrophic rates are 1 to 1.5% higher for women than men [46] . Although hippocampal atrophy is considered a biomarker of AD, several studies have consistently suggested limited added utility for MRI hippocampal volumes to clinical assessment of memory and function in predicting transition from MCI to AD [47] . Automated hippocampal segmentation has been the focus of development, yet manual segmentation remains the gold standard [48] . Scales for visual assessment of medial temporal atrophy (MTA) have been quantified [49, 50] . MTA visual reads work reasonably well under the age 75, but are not specific for AD in patients over 75. There is a strong correlation between visual assessment of MTA by radiologists and quantified hippocampal volume, and expert radiological assessment has been reported to be as accurate as computer-based volumetry for classification of AD [51] .
Voxel based MRI studies have demonstrated that atrophy spreads from the medial temporal lobe to the parietal, occipital, and frontal lobes over the course of AD, with MCI who convert to AD, having a more AD-like pattern of atrophy at baseline [48] . The characteristic AD atrophy pattern appears to plateau in MCI non-converters, but progresses in MCI converters and AD patients [52] . Less impaired MCI patients have the greatest rates of atrophy in the medial temporal cortex, where-as more impaired MCI have the greatest rates of atrophy in the prefrontal, parietal, and anterior regions [52] [53] [54] [55] [56] [57] [58] .
The volumes of the entorhinal cortex, lateral ventricles, and hippocampus have the greatest effect sizes for distinguishing young healthy controls and AD [52] , making them potential biomarkers for the early detection of AD. In MCI who convert and in AD subjects, highest rates of atrophy occur in the hippocampus and entorhinal cortex [46, 57, 59] . MRI studies have shown progressive cortical atrophy from normal control subjects to single domain MCI to multi domain MCI and finally AD subjects in cross-sectional studies [40, 60] . One study showed that the hippocampus and entorhinal cortex have the largest effect size between the control group and the single domain MCI group. Multi domain MCIs had greater differences, as well as differences in the lateral inferior, middle, and superior temporal gyri and fusiform cortices relative to controls.
MRI studies show that global atrophy is faster in those with cortical amyloid [61] . Posterior atrophy is associated with a positive amyloid PET scan, where as anterior atrophy is associated with a negative amyloid PET scan [62] . In subjects who develop MCI, their MRI trajectories change faster than those who remain normal [63] . Also there is an acceleration of trajectory close to cognitive decline, and this is measurable. The rate of hippocampal atrophy on MRI is greater than two times in AD compared to controls, and higher in converters to MCI or AD compared to stable or non-converters [64] . Cross-sectional and longitudinal studies consistently report a strong relationship between rate of atrophy and rate of cognitive decline with anatomical and functional specificity. In MCI converters the parietal and temporal areas have most atrophy compared to non-converters [65] , and conversion to AD is associated with disease effects on the default mode network and the prefrontal and medial temporal structures [66] .
Currently there are no standardized MRI imaging parameters and methods of volumetric assessment. These are required to develop specific cutoffs for hippocampal atrophy, so as to improve comparisons between studies and predictive accuracy. While brain atrophy has discriminatory power, multiple sophisticated methods of structural analyses of MRI give varying degrees of accuracy [48, 64, 67] . The choice of protocol for automatic multitemplate-based segmentation can influence segmentation accuracy [68] . Hence comparing results from different studies that use different methodologies is problematic.
White Matter Hyperintensities
On top of atrophy, infarcts and microhaemorrhages, MRI can also detect white matter hyperintensities (WMH). While hippocampal volume decreases with age, abnormal periventricular white matter signals increase with age, worse with more vascular risk factors. Over 95% of individuals above the age of 65 have some white matter disease and this is usually associated with vascular risk factors [69, 70] . A sub-study of the Perindopril Protection against Recurrent Stroke Study revealed less progression of WMH with aggressive antihypertensive treatment [71] . A threshold of 10cc of periventricular WMH is needed to see cognitive effects [72] . Those with extensive white matter disease have poorer global cognitive function, executive function, working memory, processing speed, gait, psychomotor speed, and dexterity [73] [74] [75] . Extensive WMH is associated with MCI and an increased risk of stroke, dementia, and death [76, 77] . Twin studies suggest a genetic contribution to WMH [77] .
The cause of WMH is likely to be multifactorial. It has been postulated that WMH can be accounted for by: (1) arterioles becoming tortuous with aging [78] , causing stress due to underperfusion, which leads to collagenous formation, and WMH on MRI, (2) leakage of fluid around diseased vessels and loss of blood brain barrier integrity, and (3) severe neuronal drop out as frequently seen on MRI in frontotemporal dementia and autosomal dominant AD.
Baseline WMH volume does not predict changes in CSF biomarkers, glucose metabolism, or hippocampal atrophy as it is not specific to AD [79] . Higher WMH volume is associated with cerebrovascular disease and contributes to cognitive impairment independent of other neuropathology [80] .
Brain Fluorodeoxyglucose Positron Emission Tomography
Introduction
Co-morbid pathology is common in autopsy studies. For example, in one consecutive series of autopsies, only four out of 22 had pure AD [81] . 10 had coincident dementia with Lewy bodies (DLB), nine had mesial temporal pathology (TDP-43 proteinopathy, argyrophilic grain disease, and hippocampal sclerosis), and five had vascular pathology. Nonetheless, biomarkers like FDG PET enables us to look for typical patterns of hypometabolism that are associated with neurodegenerative disease subtypes. For example, by showing occipital hypometabolism, FDG PET can predict coincident DLB in AD patients [48] . Figure 4 .
Figure 4
18 F-Fluorodeoxyglucose PET detecting common neurodegenerative diseases.
These axial images were obtained from the Austin Hospital Nuclear Medicine Department, Australia.
FDG PET measures glucose metabolism. Glucose hypometabolism reflects neural communication between neurons and therefore the degree of neuron dysfunction [82, 83] . FDG hypometabolism correlates with NFT [84] . Both MCI and AD patients have lower metabolism in bilateral posterior cingulate-precuneus and parietotemporal regions [85] , and the magnitude and spatial extent is greater with increased disease severity [86] . Reductions in glucose metabolism occur in the posterior cingulate, then medial and lateral parietal and medial and lateral temporal cortex [87] , but increasingly involves frontal cortex after the onset of dementia [86] . Hence impaired memory in MCI is associated with reduced metabolism in the parietal and temporal lobes, where as severely impaired memory in AD may better correlate with the degree of frontal and orbital frontal hypometabolism [88] .
Clinical Impact
Studies have shown that in the clinical setting, FDG PET results have led to clinicians to change their clinical diagnoses a quarter of the time when diagnostic certainty was under 90% pre-PET [89] . Diagnostic confidence in this study also increased from 71% pre-PET to 87% post PET. A prospective study of 194 consecutive memory clinic patients who were referred for a FDG PET at the discretion of the dementia specialist showed that management impact was higher in patients with greater diagnostic uncertainty and in those with less severe cognitive impairment [90] .
Although there is a correlation between hypometabolism and cognitive measures of disease severity, hippocampal volume and CSF biomarkers [91] , the relationship between glucose hypometabolism and cognitive decline is largely independent from other biomarkers [92] . Hence the addition of FDG PET to the clinical work-up could provide complimentary information to improve assessment of disease proximity.
In studies that have used prolonged clinical follow-up or autopsy diagnosis as the standard of truth, FDG PET had an accuracy of 93% distinguishing between AD and healthy controls, and 85% distinguishing between AD and other dementias [93] . Clinical visual reads have been shown to increase in accuracy with the use of surface based displays of voxel Z-scores derived from comparison to a normal database such as used in the three dimensional stereotactic surface projection approach.
Caveats
FDG PET can aid diagnosis but must be interpreted in clinical context. Hypometabolism can develop before the appearance of cognitive decline [94] . In using FDG PET to assist with clinical assessment, we need to consider brain areas with hypometabolism and brain areas that are preserved. Hypometabolism in the temporoparietal and posterior cingulate-precuneus regions is quite specific to underlying AD neuropathology. Frontal hypometabolism in addition to these areas discriminates MCI converters from non-converters. General hypometabolism is not specific to AD or a neurodegenerative subtype. The degree of hypometabolism is greater in MCI converters compared to non-converters [48, 95] .
FDG metabolism has been reported to increase in healthy elderly and patients with early MCI who have positive amyloid PET scans [96, 97] . This may reflect a 'compensatory' hypermetabolic phase, inflammation, or it may be hyper-excitation due to neuronal toxicity. Bidirectional FDG changes in early disease may complicate the detection of metabolic abnormalities.
Amalgamating Multimodal Biomarkers
Introduction
No single imaging technique will serve all purposes, and each technique should be used in conjunction with other techniques to help researchers gain insight into the pathogenesis of AD. Also, the availability of biomarkers should not restrict sound clinical judgement. It is important to regard Aβ amyloid-imaging as a technique that is complementary to structural (e.g. MRI, CT), functional (e.g. FDG PET, functional MRI) and other molecular (e.g. DAT, tau) imaging techniques. Considerable work needs to be conducted to establish what tests and profiles are better for which particular time points in the disease. Ultimately the best diagnostic approach involves a full clinical work-up, that must consist of a good clinical and collateral history, sensitive and specific cognitive tests, MRI, and where required, biological markers such as Aβ imaging or CSF Aβ 42 and tau. Figure  5 and Table 1 . 
Disease Stages and Accuracy
Biomarkers have varying degrees of steepness of rates of change in different disease stages. This causes an inconsistent association between Aβ and cross-sectional neurodegeneration [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] . For example, CSF Aβ 42 levels decline most rapidly in preclinical (asymptomatic) AD, where as glucose metabolism declines most rapidly in the dementia phase of AD [42] . When individuals progress into the dementia phase, both the FDG metabolism and hippocampal volume curves drop rapidly. In general, there is local correlation in the posterior cingulate-precuneus and temporoparietal regions between hypometabolism and atrophy [108] [109] [110] . However, the degree of hypometabolism exceeds the degree of atrophy in the posterior cingulate-precuneus and medial orbital frontal regions and persists after partial volume correction. By contrast the degree of hippocampal atrophy predominates or is similar to the degree of hypometabolism. Due to the discrepancies between Aβ and cross-sectional neurodegeneration, multimodal biomarkers increase prognostic power and diagnostic accuracy [111] . Finally, CSF Aβ 42 and amyloid PET have been hypothesized to measure different aspects of Aβ pathology in AD with CSF revealing the more soluble components and Aβ imaging with amyloid PET predominantly reflecting dense plaque [112] . Amyloid markers signal disease initiation and early progression with rate of accumulation declining in late stages of the illness. FDG PET measures of glucose hypometabolism and CSF tau levels increase later but still relatively early in disease progression and throughout the stages of AD. Hippocampal atrophy in AD increases later in disease progression [113] . Hence Aβ measures associated with early disease have greater changes in non-demented patients where as FDG PET changes are more associated in AD [114] . One longitudinal study found that Aβ can have an effect on brain structure and function independent of CSF tau, and CSF tau can have an effect on baseline cognition independent of neuroimaging measures [115] .
Amyloid imaging is specific for Aβ neuropathology. Amyloid scans tend to be easier to read than FDG scans. One study found that in distinguishing between AD (n=62) and FTD (n=45) by visual reads, 11 C-PiB had a sensitivity of 90% and a specificity of 83% where as FDG PET had a sensitivity of 78% and a specificity of 84%. 11 C-PiB had better inter-rater agreement (k=0.96 vs k=0.72), and was more sensitive in detecting AD pathology (n=12, 11 C-PiB 97%; n=10, FDG 87%) [116] . However, as fluorine substitutions greatly increase a molecule's lipophilicity, the FDA approved F-18 labelled amyloid tracers have higher non-specific sub-cortical white matter (i.e. more lipid rich area) binding compared to 11 C-PiB.
Practical Challenges
Considerable challenges remain in establishing the relationship between biological and cognitive measures throughout the chronology of the preclinical phase of AD. As the field progresses towards a deeper understanding of the evolution of AD neuropathology in the predementia stage, through the improved ability to more precisely detect longitudinal changes in the presence and amount of Aβ accumulation, glucose hypometabolism, and atrophy in vivo, the prospect of implementing and monitoring disease-modifying treatments for AD to prevent further evolution has become more realistic. Amyloid PET can be used both to improve patient recruitment and as a secondary end point measure in disease modifying drug trials. By comparing to a control group, it can be shown whether a drug is successful in stabilising or reducing Aβ accumulation over time, and whether this is associated with preservation or improvement in cognition. Brain FDG PET and MRI are non-specific measures of neurodegeneration, therefore they are not considered good in vivo markers of specific target engagement for amyloid based disease modifying treatment.
Final Word
To conclude, we now have the means to enable early and accurate diagnosis in dementia. While we may not be able to eliminate the impact of the coming dementia epidemic, early detection offers us the opportunities to reduce it significantly. Even so another major challenge facing health care providers is stability of funding for patient access to care, and training health care workers in incorporating new developments to improving early diagnosis. Providing scans to all those at risk in the community involves significant infrastructure and cost considerations. Nonetheless, should disease modifying therapy become available, the diagnostic potential of dementia neuroimaging will be fully realised, and the issue of expanding infrastructure to meet the demands will be a subject of further debate.
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